We have developed a procedure (or labeling lipoproteins with the fluorescent probe 3,3-dioctadecylindocarbocyanlne (Dll) and have used Dil-labeled native and acetoacetylated lipoproteins to differentiate macrophages from fibroblasts In mixed cell culture. Lipoproteins labeled with this probe were suitable for the direct viewing of their binding and Internallzatlon by cells In vitro. The labeling technique has been applied to human low density lipoproteins (LDL) and to two canine cholesterol-Induced lipoproteins: apo-E HDL C , which contain only the E apoprotein (apo-E), and beta-migrating, very low density lipoproteins (0-VLDL), which contain apo-B and apo-E. The Dll-labeled lipoproteins showed specific high affinity binding to human fibroblasts via the LDL (apo-B, -E) receptors. The equilibrium dissociation constant for the binding of Dll-labeled apo-E HDL C and LDL were the same as for the respective native lipoproteins. The specific binding of Dil-labeled LDL and apo-E HDL C was further substantiated by fluorescence microscopy. When an excess of native (nonfluorescent) lipoproteins was added to the Dll-labeled llpoprotein, essentially no fluorescently labeled lipoproteins were seen associated with the cells. The Dil-labeled LDL, apo-E HDL C , and /9-VLDL, which were bound to the cells at 4° C, were associated with the cell surface and were often observed In linear arrays. Cells that were either incubated with Dil-labeled lipoproteins at 4°C and subsequently heated to 37° C or incubated with the Dil-labeled lipoproteins at 37° C showed Internalized perlnuclear fluorescence. When Dil-labeled LDL, apo-E HDL C , or 0-VLDL were treated with dlketene to acetoacetylate their lysine residues, and then were incubated at 37° C with mixtures of fibroblasts and mouse peritoneal macrophages In culture, the fibroblasts did not become fluorescently labeled. The macrophages became highly fluorescent, however. The acetoacetylatlon Inhibited the interaction of these lipoproteins with the apo-B, -E receptors of fibroblasts and stimulated their uptake by macrophages. The use of fluorescently labeled native lipoproteins and chemically modified lipoproteins may allow the functional differentiation of macrophages from other cell types (e.g., fibroblasts and smooth muscle cells) In the arterial wall. This differentiation may be useful in determining the origin of the llpld-laden foam cells of atherosclerotic lesions. (Arteriosclerosis 1981; 1:177-185)
'Oldstein and Brown 1 first described the high I affinity, receptor-mediated uptake of low density lipoproteins (LDL) by extrahepatic cells. The receptor-bound lipoproteins are subsequently internalized by the cells and degraded within lysosomes. The internalized lipoprotein cholesterol released after lysosomal hydrolysis suppresses the synthesis of cholesterol within the cell and reduces the number of lipoprotein receptors expressed on the cell surface. Anderson et al. 23 have shown that LDL binds predominantly to coated pits that are often seen in linear arrays on the surface of fibroblasts. The coated pits subsequently invaginate and form coated endocytic vesicles that fuse with the lysosomes. 4 The cell surface receptors on fibroblasts have been shown to bind lipoproteins that contain either the B or E apoproteins (apo-B or apo-E), including LDL containing apo-B, apo-E HDL C containing apo-E, and beta-migrating, very low density lipoproteins (/3-VLDL) containing both of these apoproteins. 56 The apo-E HDL c and (1-VLDL are isolated from the plasma of cholesterolfed animals. Interestingly, canine cholesterolinduced lipoproteins, which contain only the E apoprotein (apo-E HDL c ), bind to the LDL receptors with a much higher affinity than that observed for LDL and require fewer particles to saturate all the available cell surface receptors. 7 ' 8 The higher affinity of apo-E HDL c (20-fold greater than observed for LDL) is due to the binding of apo-E HDL c to multiple receptor sites. 89 All three lipoproteins bind to the same cell surface receptors, i.e., the LDL (apo-B, -E) receptors.
The importance of the B and E apoproteins in mediating the specific binding of the LDL, apo-E HDL C , and /J-VLDL has been demonstrated by chemically modifying the lysine residues of the lipoproteins by acetoacetylation with diketene 10 or the arginine residues by treatment with cyclohexanedione. 11 Chemical modification of the lysine or arginine residues of the apoproteins abolishes the binding of these lipoproteins to the fibroblast and smooth muscle cell receptors. Interestingly, while acetylation or acetoacetylation of LDL abolishes binding to the LDL (apo-B, -E) receptor of fibroblasts and smooth muscle cells, 1012 these modifications stimulate the uptake of these lipoproteins by macrophages. 13 ' 14 Theoretically, these observations should allow the differentiation of macrophages from smooth muscle cells or fibroblasts in mixed cell culture by using appropriately labeled native and diketene-modified (acetoacetylated) lipoproteins. The work presented in this paper has three major objectives: 1) to develop a simple, rapid procedure for the fluorescent labeling of lipoproteins; 2) to confirm that this procedure for the labeling of LDL, apo-E HDL C , and /3-VLDL does not alter the lipoprotein properties; and 3) to develop a procedure for differentiating macrophages from other cell types. A question of major importance in the field of atherosclerosis research is the identification of the origin of the lipid-laden foam cells in atherosclerotic lesions. Biochemical procedures to distinguish cells (smooth muscle cells, macrophages, etc.) based on functional criteria, such as the presence of specific receptors, may contribute importantly to the identification of the various cells.
Methods

Materials
We purchased 3,3'-dioctadecylindocarbocyanine (Dil) (figure 1) from Molecular Probes, Inc. (Piano, Texas). Initial exploratory studies were performed with Dil generously provided by A.S. Waggoner. Tissue culture chamber slides were purchased from Lab-Tek Products, a division of Miles Laboratories (Naperville, Illinois). Dulbecco's modified Eagle's medium (DME) (Catalog No. 4320-2100), fetal calf serum, and trypsin-EDTA solution were obtained from GIBCO (Grand Island, New York). Sodium ( 125 I) iodide (carrier-free) in NaOH, and Bolton and Hunter reagent (N-succinimidyl 3-,4-hydroxy-5-[ 125 l] iodophenyl propionate) were purchased from Amersham/Searle (Arlington Heights, Illinois). Diketene and Hepes [4-(2-hydroxyethyl)-1-piperazine-ethanesulfonic acid] buffer were obtained from Sigma Chemical Company (St. Louis, Missouri). Male and female Swiss Webster mice were obtained from Simonsen Laboratories (Gilroy, California). Plastic ware for tissue culture was purchased from Falcon Plastics (Cockeysville, Maryland). Where indicated, lipoproteins were filtered using either 0.8 /zm Millex-PF filters from Millipore Corporation (Bedford, Massachusetts) or 0.45 urn filters from Gelman Acrodiscs (Ann Arbor, Michigan).
Lipoproteins
Human LDL (d = 1.02 to 1.05) and lipoproteindeficient human serum were obtained by sequential density gradient ultracentrifugation from normal human plasma, as previously described. 9 Apo-E HDL c (d = 1.006 to 1.02) and 0-VLDL (d < 1.006) were isolated from the plasma of dogs fed a semisynthetic hypercholesterolemic diet containing coconut oil and cholesterol. 6 15 The apo-E HDL C were isolated by ultracentrifugation followed by preparative Geon-Pevikon electrophoresis. 16 The /J-VLDL were isolated by ultracentrifugation alone at d < 1.006 and thus contained a small proportion of pre-/3-VLDL. 6 lodinated ( 125 I) LDL and /3-VLDL were prepared as described by Bilheimer et al. 17 and 125 l-apo-E HDL c were prepared by the procedure of Bolton and Hunter, 18 as described by Innerarity et al. 19 
Labeling of Llpoprotelns with Dll
The lipoproteins were labeled with the fluorescent probe as follows: 1 mg of lipoprotein was added to 2 ml of lipoprotein-deficient serum and then filter-sterilized, using 0.45 ^m filters for apo-E HDL C and LDL, and 0.8 ^m filters for /J-VLDL. To the lipoprotein, 50 ^l of Dil (3 mg/ml) in dimethyl sulfoxide was added, while the solution was gently vortex-mixed, and the sterile mixture incubated at 37°C for 15 hours. (In recent experiments, we found that 8 hours of incubation gave similar labeling.) Then, the density of the incubation mixture was raised to 1.063 g/cc with KBr, and the lipoproteins were isolated at 4°C by centrifugation for 20 hours at 49,000 rpm in a Beckman 50 Ti rotor. The samples were obtained either by tube-slicing or aspiration from the top of the centrifuge tube. The Dil-labeled lipoproteins were then dialyzed against NaCI, 0.01% EDTA, and filtered (as described above) before use. When indicated, Dil-labeled lipoproteins were dialyzed in 0.1 M borate buffer (pH 8.4) and acetoacetylated with 80 ^moles of diketene per milligram of lipoprotein protein. 10 To determine if the Dil exchanged with other plasma lipoproteins, the iodinated, fluorescent lipoproteins were incubated with whole human serum, and then the mixture was refractionated by discontinuous density gradient ultracentrifugation, as described by Redgrave et al. 20 Briefly, LDL, apo-E HDL c , or /3-VLDL (100 /ug of protein) labeled with both Dil and 125 iodine were incubated with 1 ml of human serum for 4 hours at 37°C. The volume of the solution was then raised to 4 ml with d = 1.006 solution, and the density raised to 1.21 by the addition of KBr. The sample was placed in the bottom of a cellulose nitrate tube and overlaid with 3.0 ml of salt solution of d = 1.063, 3 ml of salt solution of d = 1.02, and 2.5 to 3.0 ml of salt solution of d = 1.006. Centrifugation, at 20°C, was for 48 hours at 40,000 rpm in an SW 41 rotor. Fractions (0.6 ml) were collected from the tube bottom and analyzed for fluorescence and radioactivity.
Analyses
Paper electrophoresis and sodium dodecyl sulfate (SDS) polyacrylamide gel electrophoresis were performed as previously described. 610 Phospholipid content was determined from the phosphorous content. 21 Triglyceride and total cholesterol were determined using enzymatic procedures (Bio-dynamics, Boehringer-Mannheim Corporation). The 3,3'-dioctadecylindocarbocyanine content of the isolated lipoproteins was determined from the fluorescence of aliquots of the lipoproteins extracted in methanol and quantitated with standards of Dil in methanol, using a Perkin Elmer model 650-40 Spectrofluorometer (excitation, 520 nm; emission, 570 nm).
Binding Assays
Human fibroblasts were obtained from a normal infant and grown as previously described. 7 
' 10
Receptor-negative fibroblasts (GM 2000) from a patient with the homozygous form of familial hypercholesterolemia were obtained from the National Institute of General Medical Sciences Genetic Mutant Repository. Unstimulated mouse peritoneal macrophages were harvested in phosphate-buffered saline as previously described. 22 Direct binding studies with Dil-labeled 125 I-LDL and 125 l-apo-E HDL c were performed at 4°C. 8 The data were linearized as described by Pitas et al. 8 and Scatchard. 23 The cells to be used for fluorescence microscopy were grown for 7 days in tissue culture chamber slides. Fibroblasts (2 X 10 3 cells per chamber) were transferred in Dulbecco's modified Eagle's (DME) medium containing 10% heat inactivated fetal calf serum. This medium was changed after 3 days in culture. On Day 5 the medium was changed to DME medium containing 10% lipoprotein-deficient human serum. Experiments were conducted 2 days later. In the mixed culture studies, mouse peritoneal macrophages were added to the fibroblasts on Day 5. The cells were washed three times with 1 ml of DME medium without serum 1.5 hours after the addition of the macrophages. DME medium containing 10% lipoprotein-deficient human serum was then added, and the experiments were performed 2 days later. Following incubation of the cells with Dil-labeled lipoproteins, the cells were washed five times with phosphate-buffered saline containing 2 mg/ml bovine serum albumin and once with phosphate-buffered saline, and then fixed for 30 minutes with 3% formalin in phosphate buffer, pH 7.4. Cells incubated at4°C were washed and fixed for the first 15 minutes at 4°C, followed by 15 minutes at room temperature. Cells incubated at 37°C were washed and fixed at room temperature.
Fluorescence microscopy was performed on a Zeiss Universal microscope with epifluorescent illumination using a rhodamine filter package. Photomicrographs were taken using Kodak Tri-X panchromatic film (ASA 400). *AII the lipoproteins were radiolabeled with ( 125 I) iodine and, where indicated, were fluorescently labeled with 3,3'-dioctadecylindocarbocyanine (Dil).
tThe equilibrium dissociation constants were determined by Scatchard analysis of equilibrium binding data with cultured human fibroblasts. The maximum bound was determined by extrapolation of the Scatchard plots (see Methods and figure 4). The properties of the lipoproteins were essentially unaltered by the fluorescent labeling technique. As shown in table 1, the lipid and protein content of the native and Dil-labeled lipoproteins were similar. No significant differences were noted between the electrophoretic mobility of the native and Dil-labeled lipoproteins as determined by paper electrophoresis, and the Dil probe coelectrophoresed with the lipoproteins (figure 2). If the lipoproteins were heavily labeled with Dil, it was possible to cause a retardation in electrophoretic mobility. The apoprotein composition of LDL was not altered by Dil labeling as determined by SDS polyacrylamide gel electrophoresis. However, the /3-VLDL and apo-E HDL c appeared to acquire trace amounts of the A-l apoprotein during the labeling procedure from the lipoprotein-deficient serum in the Dil incubation mixture.
Results
Lipoproteins
To determine if the Dil was firmly bound to the lipoproteins or if it would freely exchange with other lipoproteins, the fluorescently labeled LDL, apo-E HDL C , or /3-VLDL were incubated for 4 hours at 37°C with whole serum, and then the serum was fractionated by centrifugation for 48 hours on a discontinuous density gradient. As shown in figure 3 , the Dil remained predominantly associated with the labeled lipoproteins (91% for /3-VLDL and 75% for LDL and apo-E HDLJ. The Dil-labeled lipoproteins were further characterized by comparing their cellular binding properties with the binding of native lipoproteins. Direct binding of the lipoproteins to cultured human fibroblasts was performed at 4°C. When these data were linearized, 823 similar slopes were obtained for the interaction of the native and Dil-labeled lipoproteins with the cells. This indicated that the addition of Dil to apo-E HDL c and LDL did not change the affinity of these lipoproteins for the apo-B, -E receptors (figure 4, table 2 ). The apo-E HDL c bound to the receptors with a higher affinity than LDL. The amount of lipoprotein bound at receptor saturation was determined by extrapolation of the Scatchard plot. As previously observed, 8 it required less apo-E HDL than LDL to saturate all available receptors. The same results were obtained with Dil-labeled lipoproteins. The Dil labeling did not increase the nonspecific binding; in fact, in the presence of a large excess of unlabeled lipoprotein, less than 6% of the total binding for both Dil-labeled LDL and apo-E HDL C was nonspecific. the homozygous form of familial hypercholesterolemia, little fluorescent labeling of the cells was observed.
Direct viewing of the 4° and 37°C binding of
Previously, we showed that native /3-VLDL 22 and acetoacetylated LDL 13 were taken up by macrophages. It was possible to demonstrate by direct microscopic examination that peritoneal macrophages would bind and internalize the fluorescently labeled /3-VLDL and acetoacetylated LDL, /3-VLDL, and apo-E HDL c . The uptake of acetoacetylated apo-E HDL C by macrophages was dependent upon the extent of reaction with diketene. Reaction of apo-E HDL C with 80 ^moles of diketene per milligram of protein resulted in stimulated uptake by macrophages, whereas reaction with lower levels of diketene did not. 13 To determine if macrophages could be distinguished from fibroblasts when grown in mixed cell culture, the Dil-labeled, acetoacetylated lipoproteins (LDL, apo-E HDL c , and /3-VLDL) were incubated with the mixed cells. As shown in figure 7 A, C, E, the macrophages became intensely fluorescent when the mixed cell cultures were incubated with the acetoacetylated lipoproteins. However, the fibroblasts, which could be identified by phase contrast microscopy (figure 7 B, D, F), revealed essentially no fluorescence. When experiments were conducted with mixed cultures of smooth muscle cells and macrophages, similar results were obtained (i.e., the macrophages were intensely fluorescent, while little labeling of the smooth muscle cells was observed, data not shown). Thus, Dil labeling appears to provide a useful marker for the cell specificities seen with native and chemicallymodified lipoproteins. Fibroblasts were grown for 5 days before the addition of the macrophages. DME medium containing 10% lipoprotein-deficient human serum was added, and the experiment was conducted 2 days later. Binding was for 3 hours at 37°C with fluorescently labeled, chemically modified lipoproteins at the following concentrations: LDL and /3-VLDL, 7.5 nQ protein per ml; apo-E HDL C , 5.0 ^g protein per ml. Cells were washed and fixed as described in Methods section. X 145.
Discussion
We have developed a relatively simple procedure for labeling lipoprotein with the fluorescent probe3,3'-dioctadecylindocarbocyanine (Dil) and have applied this labeling technique to apo-E HDL C , LDL, and 0-VLDL Other workers have used 3,3'-diacylindocarbocyanines of various chain lengths as probes for membrane potential 24 ' 25 and as lipid analogs for studies of lateral diffusion 26 or domain structure in membranes. 27 In this study, lipoproteins labeled with Dil were shown to be suitable for direct viewing of their binding to cells by fluorescence microscopy. Previously, the binding of LDL has been viewed with the light microscope by using indirect immunofluorescence 28 or by using heptane-extracted LDL ttiat has been reconstituted with a fluorescent probe in the core of the lipoprotein. 28 ' M The procedure reported here has the advantage of ease of preparation and minimal alteration of the lipoproteins.
Dil-labeled lipoproteins are similar to native lipoproteins when characterized by chemical composition, electrophoretic mobility, and apoprotein content. In addition to similar chemical and physical properties, the Dil-labeled lipoproteins have properties similar to native lipoproteins in regard to their interactions with cells. They show specific high affinity binding to the apo-B, -E receptors of fibroblasts and smooth muscle cells in culture. In direct binding experiments, Dil-labeled 125 l-apo-E HDL C and 125 I-LDL are bound with affinities similar to those of 125 Iapo-E HDL c and 125 I-LDL, respectively. In addition, the Dil-labeled lipoproteins reveal low nonspecific binding.
Our data using Dil-labeled LDL confirm the observations of Anderson et al. 28 who demonstrated the binding of fluorescently labeled LDL to fibroblasts using LDL reconstituted with 3pyrenemethyl-23, 24-d/nor-5-cholen-22-oate-3/Jyl oleate. At 4°C, LDL are observed to bind in linear arrays, and at 37°C the fluorescent probe appears as intense perinuclear fluorescence. Since apo-E HDL C and /3-VLDL bind to the same receptors that bind LDL, it was of interest to determine if their pattern of fluorescent labeling of the cells was similar to that of LDL. When apo-E HDL C and 0-VLDL are bound to the cells at 4°C, linear arrays of fluorescence extend over the surface of the cells. Internalization of the lipoproteins results in intense perinuclear fluorescence with 0-VLDL, apo-E HDL c , and LDL.
Following the validation of the Dil-labeling technique, we used Dil-labeled lipoproteins to differentiate cell types in vitro. To do this, we made use of two previous observations: 1) lipoproteins which are treated with diketene to acetoacetylate their lysine residues do not bind to the LDL (apo-B, -E) receptor; 10 and 2) acetoacetylated lipoproteins bind to high affinity receptors on macrophages. 13 When Dil-labeled LDL, apo-E HDL c , or /3-VLDL are acetoacetylated and then incubated with mixed cell cultures of peritoneal macrophages and fibroblasts, the peritoneal macrophages are intensely labeled by the fluorescently labeled lipoproteins. No labeling of the fibroblasts is seen. Thus, we are able to differentiate macrophages from fibroblasts in mixed cell culture. Similar results are obtained when Dil-labeled, acetoacetylated lipoproteins are incubated with a mixed population of smooth muscle cells and macrophages (i.e., little labeling of the smooth muscle cells occurs, but intense labeling of the macrophages is noted).
Use of fluorescently labeled native and chemically modified lipoproteins may allow the functional differentiation of cell types isolated from the arterial wall and may assist in determining the origin of foam cells. Macrophages in vitro bind and internalize the acetylated and acetoacetylated lipoproteins through the same high affinity binding site. This results in the massive accumulation of cholesteryl esters in the macrophages, which take on a foam cell-like appearance. This binding site is, however, not specific for acetylated or acetoacetylated LDL. 30 It has been reported that LDL modified by interaction with malondialdehyde or exposed to malondialdehyde released by platelet aggregation also bind to macrophages. 31 The internalization of malonimyl LDL by macrophages leads to an increase in the cholesteryl ester content of the cells. 31 Thus, the receptor for modified LDL may have physiological significance in the deposition of cholesteryl esters in cells of the arterial wall.
The Dil labeling of lipoproteins is a useful procedure for directly viewing the binding of lipoproteins to cells and appears to be useful in identifying specific cell types. We have demonstrated the feasibility of using Dil-labeled native and chemically modified lipoproteins to functionally differentiate macrophages from cells (fibroblasts, smooth muscle cells) that possess the LDL (apo-B, -E) receptor.
